Abstract High desert dust concentrations raise concerns about adverse health effects on human populations. Based on a systematic literature review, this paper aims to learn more about the relationship between desert dust and human health in the world and to analyse the place of West Africa as a study area of interest. Papers focussing on the potential relationship between dust and health and showing quantitative analyses, published between January 1999 and September 2011, were identified using the ISI Web of Knowledge database (N050). A number of adverse health effects, including respiratory, cardiovascular and cardiopulmonary diseases, are associated with dust. This survey highlights obvious dust impacts on human health independently of the study area, health outcomes and method. Moreover, it reveals an imbalance between the areas most exposed to dust and the areas most studied in terms of health effects. None of these studies has been conducted in West Africa, despite the proximity of the Sahara, which produces about half of the yearly global mineral dust. In view of the alarming results in many parts of the world (Asia, Europe, America), this paper concludes by stressing the importance of carrying out impact studies of Saharan dust in West Africa, where dust events are more frequent and intense than anywhere else.
Introduction
In recent decades, there has been a considerable increase in concerns about the impact of the natural environment on human health. Smith et al. (1999) estimated that 25-33 % of the global burden of disease can be attributed to environmental risk factors. Many of the papers published to date that provide information on health-related particulate matter (PM) research have focussed on the impact of anthropogenically generated PM (such as PM generated by combustion engines) (Bousquet et al. 2003; Bruce et al. 2000; Ezzati 2005; Romieu et al. 2002) while relatively little work has looked at the impact of naturally generated PM (such as PM emanating from dust storms). Winds from the nine principal desert sources transport large amounts of dust around the world (Prospero et al. 2002; Tanaka and Chiba 2006) . Overall, studies estimate that the global dust emission varies by a factor of slightly more than two, although extreme values from 1,018 Tg year −1 (Miller et al. 2004 ) to 3,000 Tg year −1 (Tegen and Fung 1994) have been established over the last two decades (Engelstaedter et al. 2006) . Estimates of the contribution of the different source areas also vary by study and are more difficult to make, especially as each source area follows a distinct seasonal cycle (Engelstaedter and Washington 2007) . However, studies addressing these problems all agree that North Africa is the main source area (over 50 %) (see, e.g. Ginoux et al. 2004; Washington et al. 2003) .
Regions of the world in the path of dust-laden wind record increased ambient air dust concentrations that are temporally associated with deteriorations in air quality and the strong possibility of negative impacts on human health (Engelstaedter et al. 2006; Kellogg et al. 2004; Ozer et al. 2005) . Generally speaking, a distinction is made between particles smaller than 10 μm in diameter (PM 10 , thoracic particles that can penetrate into the lower respiratory system), particles smaller than 2.5 μm (PM 2.5 , respirable particles that can penetrate into the gas-exchange region of the lung), and ultrafine particles smaller than 100 nm that contribute little to particle mass but that are most abundant in terms of numbers and offer a very large surface area, with increasing degrees of lung penetration (Brunekreef and Holgate 2002) . Thus, coarse particles are more likely to be deposited in the bronchial passages and thereby affect respiratory conditions such as asthma, chronic obstructive pulmonary disease (COPD), and pneumonia. In contrast, fine particles seem more likely to reach the alveoli and lead to cardiovascular events (Sandstrom and Forsberg 2008) . The objective of this paper was to review the impact of desert dust on human health based on results published in international scientific journals since January 1999. The ultimate aim was to investigate the need to undertake such studies in West Africa, near the Sahara, the most important global dust source (e.g. Engelstaedter et al. 2006; Washington et al. 2003) . Due to the large quantity of PM emanating from this source (more than 50 % of the total emitted into the atmosphere), the potential risk to health is higher for populations in West Africa.
Data sources and methods
A systematic review of the literature was undertaken to identify relevant studies investigating the impact of desert dust on human health, published between January 1999 and September 2011. The ISI Web of Knowledge database, the premier research platform for information in the science, was queried using 'Health', 'Mortality', 'Morbidity', 'Respiratory', 'Asthma' or 'Cardiovascular' AND 'dust storm', 'sand storm', 'African dust', 'Saharan dust', 'Asian dust', 'Gobi dust', 'Yellow dust' or 'dust events', without any restrictions. Other specific databases were queried with the same search-terms (PubMed, Google Scholar).
All papers returned by the search (430) were evaluated. Only studies with a quantitative analysis element were evaluated further. Studies of anthropogenically generated dust, those of animal health or highly specialised articles (e.g. on the implications of microorganisms in clouds of desert dust) were excluded. Despite the fact that the occurrence of meningitis has been associated with desert dust events (Sultan et al. 2005 ; Thomson et al. 2006) , unexpectedly, no studies on meningitis were returned by the query. A total of 50 individual relevant articles met our inclusion/exclusion criteria (N050).
A preliminary qualitative investigation of the 50 articles allowed us to summarize each study by identifying various parameters. For each paper, we determined the period, study area, health outcomes investigated, target population, data source, method of data analysis, dust origin (Asia, Sahara, other), dust event definition and the main findings (Table 1) . Articles were grouped in four categories according to the presence/absence of statistically significant/not significant desert dust impacts on human health in the results.
In an effort to relate the findings to a West African setting in a meaningful way, pollution levels associated with desert dust found in the studies with a significant dust-health relation were compared with those observed in West Africa, based on PM 10 aerosol mass concentration data [μg m
recently recorded (2006) (2007) in a rural Sahelian station located at Banizoumbou (Niger). These data were collected in the frame of the international African Monsoon Multidisciplinary Analysis (AMMA) program at three stations comprising the so-called "Sahelian Dust Transect".
Results and discussion
The content of the 50 papers returned by the search is analysed and discussed in the successive sections below. In the first section, Table 1 highlights commonalities and differences in the studies in terms of methods used and health outcomes. Once studies were sorted according to the type of relationship between dust and health (see Data sources and methods), we looked at potential associations with publication date and dust origin, respectively (see the following two sections). The next section goes deeper into dust event definition and shows the links with health effects. Finally, in the light of the previous discussions, the last section is given over to explaining what it is known so far on how these findings can be associated with field data from West Africa.
Analysis of published studies of impact of desert dust on human health
Of the 50 articles included, 6 and 31were published in the first 5 years (1999) (2000) (2001) (2002) (2003) and last 5 years (2007) (2008) (2009) (2010) (2011) of the study period, respectively, indicating that, in recent times, there has been increasing interest in the impact of PM on human health. In general, these papers investigated changes in morbidity or mortality before, during and after dust events or compared health effects on populations (at risk or not) between days with dust events and control days. higher than the average for the comparison days The effects of dust storms on asthma admissions were prominent 2 days after the ADE (8 %). However, the association was not statistically significant ) and lasted for at least 3 h Statistically significant association between ADE and daily primary intracerebral haemorrhagic stroke admissions 3 days after the event.
Non significant association between ADE and ischaemic stroke admissions 3 days following the dust storms A number of adverse health effects, including respiratory diseases (among others asthma and pneumonia), cardiovascular diseases (ischaemic heart disease, cerebrovascular disease), cardiopulmonary diseases (COPD) and, more rarely, conjunctivitis and allergic rhinitis, are associated with dust. The Poisson regression is the method most used in the papers evaluated to analyse data. This is used routinely for analysis of epidemiological data from studies of large cohorts. The Poisson regression is typically implemented as a grouped method of data analysis in which all exposure and covariate information is categorised and person-time and events are tabulated (Loomis et al. 2005) . In most studies of dust impacts on excess deaths/hospital admissions, a distinction is made between mortality/morbidity due to respiratory diseases, due to cardiovascular diseases and due to 'all-causes'. Except for one article, accidental deaths were always excluded from the analyses.
Classification of dust-health relationship
In order to investigate the relationship between dust and health, the 50 articles were grouped in four categories (Cat. 1, Cat. 2, Cat. 3 and Cat. 4) according to the presence/absence of statistically significant/not significant desert dust impacts on human health in the results (Table 1) . A total of 21 studies showed a significant increase of mortality/morbidity in relation to a dust event or an air quality deterioration (Cat. 1, studies 1-21 in Table 1 ). A small fraction of these studies focussed on at-risk populations (children, elderly, and asthmatics). A further 9 papers show a trend towards a relationship (Cat. 2, 22-30 in Table 1 ). It is, however, important to note that 7 of these 9 studies were carried out in Tapei (Taiwan). In many of these studies, the authors suggest a possible inadequate sample size. By contrast, 11 studies conclude that dust is not associated with health effects (Cat. 3, N°31 to 41 in Table 1 ). The remainder of the studies (9) produces less conclusive results (Cat. 4, N°42 to 50 in Table 1 ). In these latter studies, researchers evaluated the impact of dust events on daily mortality/hospital admissions for different causes. In general, this last group of studies shows that there is a significant association between dust events and mortality due to respiratory and/or cardiovascular causes, but the association was not statistically significant for all causes. Table 2 shows that both mortality and hospital admissions are studied in relation to human exposure to desert dust. Studies on dust impact on mortality are somewhat fewer than on hospital admissions. The majority of studies are concerned with the impacts of dust on morbidity or mortality for all causes and / or respiratory or cardiovascular causes. Studies dealing with the relationship between dust events and mortality for all-causes are spread over the three categories. On the other hand, relationships between desert dust and mortality as a consequence of cardiovascular or respiratory concerns are most often significant. When considering hospital admissions, the situation is different. While relationships between dust and hospital admissions from all-causes are significant in both studies, studies on the relationship between dust and hospital admissions for cardiovascular or respiratory diseases are spread over the three categories. There are also a few more studies that conclude that there is no relationship between desert dust and hospital admissions for respiratory reasons, if we discount (paediatric) asthma. Studies with a positive but non-significant relationship between dust and health are diverse with respect to the types of health problems addressed.
Dust-health relationship -publication date
Of the 21 studies with significant results, 19 were published in the past 5 years (2007) (2008) (2009) (2010) (2011) . Furthermore, none of studies published before 2005 showed evident significant results. In contrast, 5 of the 11 studies concluding that there is no relationship between dust and health were carried out before 2007. It has been suggested that, for studies in Asia, one major reason why dust storms are either not associated with mortality or had no consistent association with hospital admissions is that, to date, studies looking at the impact of dust on health have not documented well the area in which, and the time in which, dust storms take place (Chan et al. 2008) . It can be expected that a short-duration dust storm taking place during a wet period may have little significant impact on health in downwind reach areas. Conversely, however, there is evidence that people are becoming more concerned about the possible adverse effects of dust because dust events have increased in magnitude and frequency (Yoo et al. 2008) . Many studies carried out in West Africa emphasise recent increases in desertification processes (e.g. Hountondji et al. 2006; Ozer et al. 2006 ). This strengthens the need to deepen our knowledge of dust impacts on health in this zone.
Dust-health relationship -dust origin Figure 1 summarizes information on the links between dust origin and areas where studies of dust impacts on health have been conducted. Asian dust is by far the most frequently studied in this specific literature (65.3 %), and studies focus mostly on health effects in Asian countries (63.3 %).
Other dust sources (Sahara and other deserts) are also explored but, despite the proximity to the Sahara, no study dealing with dust impact on health in West Africa has been published. In terms of significant impacts on health, studies on the effects of Saharan dust are the most numerous (11 vs 9 for Asian dust), whereas they are fewer in total (13 vs 32 for Asian dust). Overall, studies focussing on the effects of Asian dust are well distributed over the four categories, while studies on the impacts of Saharan dust have less contrasted results (among the 13 studies, 11 have a significant impact and 2 conclude the absence of a relationship between dust and health). Three main trajectories of dust from the Saharan source area are distinguished ). The first is over thousands of kilometres and crosses the Atlantic Ocean to the United States, the Caribbean and South America (Chiapello et al. 1995; Kellogg et al. 2004) ; the second carries dust to the Mediterranean and Europe (Kellogg et al. 2004; Perez et al. 2008) ; and the third transports dust to the eastern Mediterranean and the Middle East (Kubilay et al. 2003; Middleton et al. 2008) . Each of these trajectories can be seen at a specific period of the year, with intensity varying annually . With a few rare exceptions (e.g. D'Almeida 1986; McTainsh 1980), only recently have more authors begun to focus on the presence of desert dust, its physical characteristics and movement around the continent of Africa (Resch et al. 2007 ). Among other places, the dust is transported from the Sahara to the Gulf of Guinea by north-easterly trade winds in a southwesterly direction. It can thus be found specifically in Nigeria, Benin, Togo, Ghana and the Côte d'Ivoire (Sunnu et al. 2008) . According to D'Almeida (1986), overall 60 % of the total particles from the Sahara Desert are transported to the Gulf of Guinea. The number of particles, mass distribution, dust flows, deposition rate and the mean size of the particles have been estimated in several countries, especially in Ghana Resch 2000, Resch et al. 2007; Sunnu et al. 2008 ), Mali (McTainsh et al. 1997 and Nigeria (Anuforom 2007) . These studies show that the dust quantity (which varies from year to year) is greater in the northern parts of these countries and that the dust particles become finer in size as they move further south. The main constituents of Saharan dust particles are clays, minerals (especially iron, but also copper and zinc), and quartz . Saharan dusts sampled from the Harmattan plume and over Europe are dominated by silicon dioxide (SiO 2 ) and aluminium oxide (Al 2 O 3 )-a characteristic they share with North American and Chinese dusts. The concentrations of these two major elements are similar to those found in earth rocks . Inhaling silicon dioxide in very small quantities can cause silicosis, bronchitis, or cancer, as the dust becomes lodged in the lungs and continuously irritates them, reducing lung capacity. Details of the effects on human health of exposure to aluminium oxide can be found in Krewski et al. (2007) . Saharan dust also carries large amounts of pollens and microorganisms such as bacteria and fungi, as well as related protein and lipid components. We refer to the specialised literature for more information about the potential health risks associated with these biogenic factors (Griffin 2007; Kellogg and Griffin 2006) . Particulate matter can also contain endotoxins, which are components of the bacterial wall that can cause respiratory and systemic inflammatory responses, and exacerbate lung disease (Sandstrom and Forsberg 2008) .
Dust event definition-health effects Table 3 summarises the dust event criteria crossed by categories of study results. In all these studies, a dust event is considered based on a daily time step. Sometimes, high hourly PM 10 concentrations are considered for several hours, although most of the time, they are based on the mean PM 10 concentrations over 24 h. A dust day is defined either when a predefined threshold is reached or by observation (comparison of mean daily PM 10 concentration during dust days and during control days). Levels are expressed in absolute or relative units. The reduction of visibility is used in one case (Gyan et al. 2005) but PM 10 concentration is the reference indicator in nearly all other papers. The methods of measurement of PM 10 concentrations, based on samples from a variable number of in situ stations, are varied. For instance, beta-ray absorption (Chen et al. 2004; Chen and Yang 2005; Cheng et al. 2008) , laser spectrometry (Perez et al. 2008 ) and pump samplers (Wiggs et al. 2003) have all been used. It is interesting to note that the levels are not automatically higher in Cat. 1 articles. Similar definitions are sometimes used in studies classified in different categories. In all cases, dust events lead to particulate levels that exceed international level guidelines (Brunekreef and Forsberg 2005; Ozer et al. 2006) . Today, according to the WHO, the acceptable annual mean value of PM 10 is 20 μg m −3 and mean values over 24 h exceeding 50 μg m −3 are considered to exceed acceptable standards.
Besides the criteria presented in Table 3 , some researchers used other types of information to define dust events. Among the 50 studies listed in Table 1 , satellite images (MODIS, NOAA/AVHRR) were used in two cases, but in combination with other data (Chan et al. 2008; Goto et al. 2010) . In one study, Saharan dust days (SDDs) were defined by combining light detection and ranging (LIDAR) observations and analyses from operational models (Mallone et al. 2011) . Finally, some studies used direct information from the Ministry of Special Agency about dust events Watanabe et al. 2011; Yoo et al. 2008) .
In order to investigate the impact of dust on human health in a quantitative manner, the 21 studies that indicated dust having a significant impact on human health were evaluated further. Definitions or conditions (based mostly on terms of PM 10 ) associated with dust events in these studies are listed in Table 1 . PM concentrations in the size range 84 μg m −3 (Lee et al. 2007) to 600 μg m −3 seem to be associated with the greatest impact on human health in terms of mean daily concentration (Hwang et al. 2008) . In central China, dust events with a lag of 3 days have been shown to be a risk factor for daily hospitalisation for respiratory and cardiovascular diseases (Meng and Lu 2007) . Studies reported that, in Korea, dust events are associated with increased daily mortality (Lee et al. 2007 ), stroke, asthma Yoo et al. 2008 ) and atopic asthma (Hwang et al. 2008) . Dust storms also have an impact on cardiopulmonary emergency admissions (Chan et al. 2008 ) and on the respiratory symptoms of subjects with bronchial asthma (Park et al. 2005) in Taiwan. In addition, a statistically significant association has been recorded between Asian dust events and daily pneumonia admissions 1 day after the event Saharan dust days and non-Saharan dust days, respectively (Perez et al. 2008) . These findings support results obtained for a 10-year time-series analysis of morbidity in Cyprus. Allcause and cardiovascular admissions were 4.8 % and 10.4 % higher on Saharan dust storm days, respectively (Middleton et al. 2008) . On the Caribbean island of Trinidad, a deterioration in visibility due to increased Saharan dust cover from not dusty (visibility 016 km) to very dusty (visibility07 km) is temporally associated with an increased daily hospital admission rate from 7.8 patients to 9.25 when climate variables such as barometric pressure and humidity were kept constant (Gyan et al. 2005 ). More recently, it has been shown that the number paediatric hospital admissions increases for up to 7 days from the peak of dust cover (Monteil 2008) . Lee et al. 2007 ) and more than one every 2 days according to others Middleton et al. 2008; Monteil 2008 344 μg m −3 were recorded at Nouakchott (Mauritania) in 2000 . In 1984, the average annual PM 10 concentration reached a value of 245 μg m −3 in Gouré (Niger) (Ozer et al. 2005) . In 41 villages across Niger, a survey was undertaken to assess farmers' views about the relative importance of perceived constraints to agricultural production. Wind erosion related health problems were of more concern than crop damage or loss of topsoil by wind erosion. Eighty percent of villagers (N0892) reported health symptoms to be more severe during the Harmattan season, when people are exposed for several consecutive days to high level of dust (Bielders et al. 2001) .
What are the effects of much larger PM mass concentration near the sources, especially near the Sahara? Currently it is hard to say since no systematic particulate air pollution data are available for the Sahel of West Africa (Baldasano et al. 2003) and because the potentially affected countries do not have good-quality public health data that can be used to adequately support such studies (Mathers et al. 2005) . With the exception of a few studies focussing on the effects perceived by local populations, little is known. Are the effects of Saharan dust different near the source than in Europe or in Carribean Islands? How sensitive are people living in the Sahel to large amounts of coarse mineral dust? Are there any differences by age groups? What are the health effects after exposure to high levels of dust concentrations for several consecutive days? What are the most recurrent diseases in dust concentration regions? These are some of the many questions that may arise and require answers.
Conclusion
The objective of this study based on a systematic literature review was to learn more about the relationship between desert dust and health in the world and to highlight West Africa as a study area of interest.
Specific studies on the impact on human health of desert dust carried out in other parts of the world are reasonably consistent. As a group, these studies show that air quality deterioration caused by desert dust is associated with significant impacts on human health. Although some results appear to show a less pronounced impact, no major contradiction was revealed. While few studies on Saharan dust have been published, those that are available indicate that Saharan dust has a significant impact on human health, but new studies are called for here. Many studies carried out close to dust sources less globally important than the Sahara (e.g. Asia) or spatially removed from the Sahara (e.g. Europe, America), but nevertheless revealing an association between desert dust and increasing morbidity/mortality, have reached alarming conclusions.
In the premier research platform for information in science, there has been no published work to date evaluating the impact of dust on health in West Africa. We plan to carry out further research in other literature databases and in the printed literature to search for relevant papers that may not be indexed in the major literature databases. Nevertheless, there is no doubt that studies on health effects in West Africa remain in a minority compared to those focussing on other regions. It is clear that further studies of Saharan dust are vital, especially in West Africa, to further investigate the impact of this dust on human health.
We feel that this is a major research need; dust events in West Africa are more frequent and more intense than anywhere else but the health effects remain almost completely unevaluated in this region. It is hoped that these findings will stimulate further work in this field to increase our knowledge of the impacts of dust on human health, and to quantify the risk in vulnerable populations of West Africa. All such studies must be encouraged; our review has raised many questions and it is a matter of public health to begin to find answers.
